The millimeter sized monolayer and bilayer 2H-MoTe 2 single crystal samples are prepared by a new mechanical exfoliation method. Based on such high-quality samples, we report the first direct electronic structure study on them, using standard high resolution angle-resolved photoemission spectroscopy (ARPES). A direct band gap of 0.924eV is found at K in the rubidium-doped monolayer MoTe 2 . Similar valence band alignment is also observed in bilayer MoTe 2 ，supporting an assumption of a analogous direct gap semiconductor on it. Our measurements indicate a rather large band splitting of 212meV at the valence band maximum (VBM) in monolayer MoTe 2 , and the splitting is systematically enlarged with layer stacking, from monolayer to bilayer and to bulk. Meanwhile, our PBE band calculation on these materials show excellent agreement with ARPES results. Some fundamental electronic parameters are derived from the experimental and calculated electronic structures. Our findings lay a foundation for further application-related study on monolayer and bilayer MoTe 2 .
Introduction
Two-dimensional (2D) crystals, such as graphene [1] , hBN [2, 3] , phosphorene [4] , transition metal dichalcogenides (TMDCs) [5, 6] and van der Waals (vdW) ferromagnets [7] etc., provide a unique platform for exploring novel physical properties and functionalities not existing in their bulk counterparts. Of particular interest is the TMDC MX 2 (M = Mo, W; X = S, Se, Te) semiconductor, which shows very distinct properties in the monolayer limit, including direct band gap transition [8] [9] [10] [11] , well-defined valley degrees of freedom and spin-valley locking [12] , huge exciton binding energy [13] [14] , Ising superconductivity [15] and so on. Based on these unique properties of monolayer MX 2 materials, many application researches have been made for functional testing and device demonstration [16] . Besides the distinct physical properties, 2D TMDCs materials are compatible with modern semiconductor planar processing, which makes them show great potential in the nextgeneration nanoelectronics [16] , optoelectronics [17] and valleytronics [14] .
Among TMDCs, 2H-MoTe 2 is very intriguing with respect to basic physical properties and application. First, 2H-MoTe 2 has the largest lattice parameters among MX 2 semiconductor. Due to rather large interlayer distance, its three-dimensional character is rather weak. Second, in MoTe 2 depending on growth conditions, there exists three different structures: hexagonal 2H phase (semiconductor), monoclinic 1T' phase (metal) and orthorhombic T d phase (Weyl semimetal) [18, 19] . An electrostaticdoping-driven phase transition, between hexagonal and monoclinic phase, has been reported to manipulate the electronic state [20] . Moreover, atomically thin MoTe 2 may be particularly promising for optoelectronics applications, considering its weak exciton-phonon interactions [21] , very large spin-orbit coupling of 250 meV [22, 23] , and stable exciton state due to large bright-dark exciton splitting of 25 meV [24] , as well as the large luminescence yield in bilayer MoTe 2 sheets [25] [26] [27] . However, up to now, there has been no electronic structure measurement being reported on monolayer and bilayer MoTe 2 . .
In spite of being fundamentally important, detailed and systematic ARPES research on the electronic structure of mono-to-few-layer MX 2 crystals is quite scarce, which is mainly restricted by obtaining large-size, uniform-thickness and high-quality samples. For a few studies on exfoliated samples [28] [29] [30] , the resolution and data statistics are quite limited, arising from tiny sample size and limitation of nano(micro)-ARPES technique. In another few studies on atomically thin MX 2 films grown by the sophisticated MBE or CVD method [31] [32] [33] [34] [35] , the standard ARPES technique was employed to measure band structure. Such films contain large quantity of micrometer-sized grains though identically orientated.
In this letter, by using a new mechanical exfoliation method [36] , we have succeeded in fabricating millimeter size of monolayer and bilayer MoTe 2 sample with high quality. With these samples, combining high resolution of ARPES, we present the first direct observation of low-energy electronic structure of monolayer and bilayer MoTe 2 . Our work will contribute to develop scalable and high performance electronic devices based on atomically thin MoTe 2 .
Experimental
Monolayer, bilayer and multilayer MoTe 2 flakes were prepared by a new mechanical exfoliation method from bulk crystal and transferred on to a SiO 2 /Si wafer [36] . A more detailed description of sample preparation is shown in the Supplemental Material [37] . The ARPES measurements on monolayer and multilayer samples were performed with photon energy of 21.218 eV, using our home-build Photoemission spectroscopy system [38] equipped with a VUV5000 Helium lamp and a DA30L electron energy analyzer (Scienta Omicron). The overall energy resolution was set at 10 -20 meV, and the angular resolution was 0.2 degree. The bilayer samples were measured on BL-1 end station of Hiroshima Synchrotron Radiation Center (HiSOR) with photon energy of 45 eV. After being cleaned through mild vacuum annealing at ~500 K, all the samples were measured at low temperature of 30 -40K and in ultrahigh vacuum with a base pressure better than 5 ×10 -11 mbar. Fig. 1 shows the measured constant energy contours (CECs) in -K region and only around K region for a typical millimeter-sized monolayer MoTe 2 sample. From the upper row, it can be seen that the CEC is evolving from a spot shape to a two concentric hollow structure with the increased binding energy. In particular, until down to deep binding energy of 1.05eV, the CEC spectral weight appears just around K but not around . This is consistent with the direct gap feature of monolayer MX 2.
Results and Discussion:
The lower panels reveal the complete feature of CEC around K, showing an evolution from a round spot, to single circle and to concentric double triangles, when going into higher binding energy. Such triangular warping reflects the anisotropy of electronic states around K/K', which stems from the three-fold rotational symmetry of the crystal structure [39] . By comparison, it is clear that the measured band structures for these samples are highly consistent with the band calculations with spin-orbit coupling taken into account. For the monolayer MoTe 2 sample, as shown in Fig. 2(a) , the most remarkable band features include a long flat band centered at  and a rather identical band splitting around K. They are also common features among other monolayer MX 2 [31] [32] [33] [34] [35] . From K to, two splitting bands merge into one degenerate band at about middle momentum position, namely, the flat band around . The VBM at K is positioned at significantly lower binding energy (-0.76 eV) than that (-1.375 eV) at Fig. 3(a) and 3(e). In other words, the position of the topmost valence band (VB) at K is much higher than that at . Distinct from the monolayer sample, the repulsion between orbitals perpendicular to plane, i.e. d z2 of Mo and p z of Te, increase the energy at  in bilayer and bulk MoTe 2 . However, this effect reduce from  to M and toK because of the increasing component of in-plane orbitals. As a result, the top most valence band in the  region is changed into a downwards parabolic-like band instead of a flat band. In these two cases, the VBM at K are close to or slightly higher than that at  [bilayer: -0.795eV (K) vs -0.795eV (); bulk: -0.87eV (K) vs -0.665 () eV ], that is different from other typical MX 2 semiconductors MoS 2 , WS 2 and MoSe 2 , where VBM at  is significantly higher than that at K in both bilayer and bulk material [28, 31, [40] [41] [42] . However, here the situation in MoTe 2 is similar to the case in WSe 2 [32, 42, 43] . References 32 and 43, reported that bilayer WSe 2 on a graphene substrate or after being strained could also be a direct gap semiconductor. Considering good agreements between calculated and measured bands, such kinds of observed band evolution provides firm support for the indirect-to-direct band gap transition in thinning MoTe 2 crystal from bulk down to few-layer and to monolayer finally, as evidenced in photoluminescence experiments [25] [26] [27] 44] . This electronic state change originates from quantum confinement effect [9, 45] .
According bonding state as in monolayer sample, but the second top-most valence bands VB2 are induced by Mo d z2 and Te p z orbitals, respectively. Their two upper VBs around K are all originated from Mo d x2-y2 and d xy orbitals (bonding state) like in monolayer sample, but with degenerate spin states for each band, since the inversion symmetry is introduced in the bilayer and bulk. It will be discussed again in the following text. Like other monolayer (Mo, W)(S, Se) 2 semiconductors with a direct band gap at K, the 2H-MoTe 2 monolayer is also a direct-gap semiconductor as evidenced by band calculation [26, 37, 46] and photoluminescence measurement [25] [26] [27] . To directly confirm such a band gap character, we need determine the conduction band minimum (CBM) location in the whole BZ. It is accessible for ARPES by filling electrons into the unoccupied conduction bands, through surface doping with alkaline metal atoms. With adequate Rb doping, we found that the CBM becomes visible only at K below Fermi level (inset of Fig. 3(d) ). Figs. 3(a)-3(h) present the band spectra of pristine and three cumulatively rubidium (Rb)-doped MoTe 2 monolayer along two different momentum directions of BZ, crossing adjacent K and K' respectively, as marked by blue lines (cut 1 and cut 2) in the inset of Fig. 3(a) . For the pristine sample, as shown in Fig 3(a) and 3(e), the VBM along cut 1 and cut 2 is at K' and K with the same binding energy of 0.76 eV, respectively. With increasing Rb deposition, these bands shift progressively down towards higher binding energies. Along cut 1, the additional weak and near-E f spectral weight can be identified as the CBM at K' (Fig. 3(d) ), which is aligned with the VBM with respect to momentum. This reveals the direct electronic band gap in monolayer MoTe 2 . Nevertheless, the spectral signature of CBM at K is hard to be found in Fig. 3(h) , due to the nearly disappeared matrix element. The gap value at K' in Fig. 3(d) can be read out to be 0.924 eV, which is quite close to the gap size of 0.97 eV from our PBE calculation. However, this is much different from other monolayer MX 2 materials [31] [32] [33] , in which the extracted gap energy from ARPES spectra was substantially reduced, comparing with the gap value determined by optical measurements and band calculation. We suppose it is mostly because the local work function of tellurium atoms in monolayer MoTe 2 may be rather close to the underneath gold, that makes nearly no charge transfer between sample and substrate and reduces the screening effect thereby.
Figure 3. Direct band gap observation through accumulative rubidium deposition on monolayer MoTe 2 . The band dispersions of pristine (a) and Rb-doped (b)-(d) MoTe 2 monolayer, measured along cut 1 as shown in the inset of panel (a). Direct band gap is marked with black arrows in (d). (e) and (f)-(h) Same as in (a) and (b)-(d) but along cut 2 (i.e. -K direction). The horizontal dash lines and numbers indicate the band shifting with Rb doping. (i) Energy distribution curves (EDCs) of the valence band at K' point. The red solid and dashed lines are extracted from the original (a) and its second-derivative spectra of pristine sample, respectively. Similarly, the grey, orange and green solid and green dashed lines are for the Rb-doped sample (b)-(d). (j) EDCs of the valence band in (e-h) at  point. The curves' definition is the same as in panel (i). The momentum positions for taking EDCs are marked by vertical dash lines in (eh).
What's more, to quantitatively evaluate the band shifting with Rb doping, we plot the EDCs taken from the original band spectra and their second-derivative plots in Fig.   3 (i) at K' and Fig. 3(g) at . After the third Rb deposition, it can be seen that the VBM at K' shifts down by 0.96-0.76=0.2 eV upon electron doping, while band maximum at  moves down more by 1.66-1.375=0.285eV. It means that the band shifting at K' is smaller than that at , which reveals a non-rigid band shift with rubidium doping in monolayer MoTe 2 . It provides a possibility of engineering electronic structure by surface doping of electrons in monolayer MoTe 2 .
The up-and-down band splitting around K is related to many important phenomena and properties in MX 2 materials, such as direct gap transition, spin-valley locking, AB exciton effect [13, 14] and spin-layer locking [47] . In Fig. 4 , we show this band splitting along -K direction with the exactly same momentum range, for monolayer, bilayer and bulk samples. We can see the sharp band dispersion of the original ARPES spectra and their second-derivative plots shown in Fig. 4(a-c) and (d-f), respectively. As shown in Fig. 4(g-i) , the quantitative band splitting at K can be extracted from the respective EDCs for the original bands (red curves). By Gaussian fitting curves shown as blue dotted line [37], we can clearly see that the splitting size at K is systematically enlarged with layer stacking, from 212 meV in monolayer, to 225 meV in bilayer and to 252 meV in bulk MoTe 2 . Such observed splitting data show very good agreement with our PBE calculation of 220 meV, 240meV and 310meV for these samples, respectively [also see table I]. Besides gap, band splitting at K, and VBM difference from K to , other electronic parameters like effective mass can be easily extracted by fitting to the measured and calculated band structure. We summarized and listed all these electronic parameters in table I, where K () effective mass (VB1) denotes the electron effective mass derived from the top most valence band at K () along -K direction. From monolayer to bilayer and bulk, the observed hole effective mass at K for VB1 increases firstly from 1.17 to 1.69 m e and then decreases down to 1.56 m e . This variation is on the trend consistent with our PBE calculation. While at the center of Brillouin zone, both observed and calculated hole effective mass for VB1 shows fast and monotonic decreasing with accumulated layer numbers.
For bilayer MoTe 2 , our measurement indicates that the VBM at K is of same binding energy (-0.795 eV) as that at  (also -0.795 eV). While our PBE calculation predicts the former is only a little higher than the latter in energy, signaling the VBM still being at K point. This is different from other Mo-based bilayer semiconductors Mo(S, Se) 2 , where the VBM shifts from K to . Our finding might be consistent with conclusion of the earlier reported photoluminescence (PL) experiments [25] [26] [27] , suggesting the same direct gap nature of bilayer MoTe 2 as in its monolayer version.. In general, in the MX 2 family of materials, the band splitting of VBM around the K point is caused by spin-orbit coupling, inversion symmetry breaking and interlayer coupling [12] . Spin-orbit coupling (SOC) is a very fundamental and profound interaction in MX 2 , which stems from a rather large intra-atomic spin-orbit interaction of the transition metal M atoms. The SOC induced band splitting is usually determined by SOC of the atoms themselves and intra-layer inversion symmetry breaking in 2H phase TMDs. For monolayer MX 2 , a spin splitting at K is concomitantly observed [12, 48, 49] . This splitting disappears in the −M lines because of time reversibility [50] . The spin splitting size (212 meV) of MoTe 2 at K is largest among three monolayer Mo-based MX 2 semiconductors, with other two of MoSe 2 (~180 meV [31] ) and MoS 2 (~150 meV [33] ). Considering the enhanced magnitude of spin-orbit coupling with the increase of atomic number, it is a natural consequence. This makes monolayer MoTe 2 more suitable to be used in spintronics application. In bilayer and bulk MoTe 2 , there exist both the space inversion symmetry [E ↓ (k) = E ↓ (−k)] and time inversion symmetry [E ↓ (k) = E ↑ (−k)]. Hence, spin degeneracy E ↓ (k) = E ↑ (k) must present in reciprocal space when having no external magnetic field. The calculated band structure of bilayer and bulk MoTe 2 without including SOC are shown in Fig. S5 . The splitting at K still exists though no SOC is considered, suggesting its origin of interlayer coupling. When SOC is introduced, band VB1 and VB2 split into two bands, VB1a and VB1b, VB2a and VB2b, respectively. However, the interlayer inversion symmetry leads to the degeneration of VB1a-VB2a and VB1b-VB2b. It is considered that the merely SOC-induced band splitting size around K is comparable in size among monolayer, bilayer and bulk MoS 2 [12] . Consequently, given that this fact is ubiquitous in all MX 2 family, we can attribute the difference of band splitting size to different interlayer coupling strength between bilayer (225 meV), bulk (252 meV) and monolayer (212 meV) MoTe 2 . Thus, our observation gives an interlayer interaction strength 13 meV and 40 meV for bilayer and bulk MoTe 2 , respectively. From bilayer to bulk, the increased interlayer coupling strength should come from layer separation reducing after increasing number of layers that enhance the interlayer hopping and coupling in turn [51] . In spite of many studies, there has been no specific ARPES study to quantify the valence band splitting in few layer MX 2 , although it ought to be the most direct tool. Our study paves a successful way to directly and quantitatively investigate the interlayer coupling for the few-layer MX 2 . Also it is significant to understand and clarify the origin of valence band splitting, since the unique spin and valley physics in 2D MX 2 crystal is just governed by such a splitting.
Conclusion:
In summary, by taking high-resolution ARPES measurements and performing abinitio band structure calculations, we have systematically studied the electronic structures of large-area exfoliated monolayer and bilayer MoTe 2 .Our study provides the first direct experimental evidence of direct gap semiconductor for monolayer MoTe 2 . We also observe that the bilayer MoTe 2 has the similar valence band alignment as its monolayer counterpart. It suggests a possible direct band gap nature for bilayer MoTe 2 either. The measured valence band splitting at K is found to systematically increase with layer stacking. With these data, we can separately identify the interlayer coupling and spin-orbital coupling strength for bilayer and bulk MoTe 2 . Surface doping on monolayer MoTe 2 by alkaline metal Rb induces a nonrigid band shift, pointing to importance of electron correlation in the process of carrier doping. In addition, our experimental results show very good agreement with the band structure calculations on both monolayer and bilayer as well as bulk MoTe 2 . Our study pave a way to thoroughly understand electronic properties and develop scalable and high performance electronic devices based on atomic layer thick MoTe 2 .
